The miniaturisation and the complexity of optical laser devices has been the focal centre of many industries in recent years. One key issue of the processing is the dicing of laser bars and devices. This process is constituted by the two crucial operations which are (1) the scratching and (2) the cleavage. The goal of the first operation is to create a subsurface crack aligned with a cleavage plane. This crack is required to be able to control the crack initiation and propagation, even in brittle materials such as Gallium-Arsenide (GaAs) so that atomically flat surfaces can be achieved [1] . Unfortunately, scribing semiconductors with a diamond tip does not only induce the defect needed but also some undesirable features such as radial cracks (chevrons) and particles. The purpose of the second operation is the separation of the laser bars and/or individual lasers. In order to investigate these two operations, two special apparatus, working inside a Scanning Electron Microscope (SEM), were employed. It was found that the scratching velocity and tip direction (edge first or face first) have only little influence on the onset of radial cracks and chips. However, the tip direction affects the size and number of the chips. Additionally, the depth of the initial crack, a, for subsequent cleavage, can be related to the applied load, P S , by the following power law: a 3/2 ∝ PS. PS has been found to be inversely related to PC. Finally, the scatter measured in PC is dependent on the scratching load P S . This is due to the fact that at high P S values, the median cracks are not constant throughout the scratch length and some deeper points exist which act as stress concentrations.
Introduction
In the high power lasers diodes industries, the separation of the laser diodes bars and/or the individual lasers has become both a quality issue and an economic necessity. In order to perform this operation a number of in-house procedures have been developed. The most common procedure is the scratching and cleavage of the different devices [2] [3] . However, although this procedure adopts some basic principles, often the fundamental knowledge to understand the effects of the different operations is missing. In recent years, scientists have either been investigating the scratching operation, (especially on polymer and/or glasses [4] [5] [6] ), or the cleavage operation in semiconductors [7] [8] [9] [10] [11] . In this work a correlation between both phenomena is made for Gallium-Arsenide (100) wafer, designated as GaAs.
This paper was divided in two main parts since scratching and cleavage are studied. The first one concentrates on the scratching of GaAs with two types of three sided diamond tips. This includes the investigation of (a) the occurrence of Lateral Crack (LC) and particle generation based on either in-situ SEM and conventional experiments and (b) the influence of the load on the initial defect, designed as Median Crack (MC). The second part focuses on the cleavage operation. In this section, the correlation between the scratching load, PS, and the critical load at which the MC is initiated, PC, is analysed. This relationship is also examined in term of the stress intensity factor K I since the crack initiation will strongly depend on this fracture mechanisms parameter. Two simple models were used which are taken from the literature as a basis [12] [13] [14] [15] .
Experiments and Materials

Instruments
Two types of nano-scratching instruments were employed in this work. The first one is a Nanoindenter-XP (MTS/Nanoinstruments, Oak Ridge, TN) equipped with a lateral force measurement option. This instrument was used to induce the initial defect by scratching at loads ranging from 5 up to 200 mN. The second is a home-made apparatus responding to the specification necessary to work inside a SEM. All technical information regarding its construction and specifications are given in [16] and so only a brief description is given here. Figure 1 shows a picture of the SEM nanoindenter. The piezoactuator has a nominal range of 20 μm and a maximal force of 400 N. The sample positioning table includes a X, Y and θ tables. The X table is controlled by a stick-slip actuator and can be used for scratch length up to 10 mm. In contrast, the Y table has a range of only 20 μm since this axis is driven by a stack piezoactuator. The θ table is also controlled by a stick-slip and allow to orientate the specimen with precision.
The cleavage experiments were carried out with an apparatus integrated into a SEM chamber. It has a stroke of several hundred of micrometers and was "displacement-controlled". Its displacement control was better than 100 nm and the force applied by the cleaving rod on the wafer was acquired simultaneously.
The investigation of the subsurface crack network was performed by looking at cross-sections which were prepared with a Focussed Ion Beam (FIB) FEI Strata DB 235.
Materials
In this present work, the material used was pure Gallium-Arsenide (GaAs) (100) wafers doped with 1-2 ·10
18 Silicon Atoms/cm 3 . GaAs is part of the III-V semiconductor family and is an anisotropic material. Hence, its material properties will dependence on crystal orientation and the principal characteristics are given in Table 1 . The preferential cleavage plane is known to be {110} which is consistent with the lowest K IC value in Table 1 [1, [7] [8] [9] [10] [11] . The average fracture strength of GaAs wafers measured from micromechanical cantilever beam structure tests is more or less 2.4 GPa [17] . Hence, large forces are required to cleave such wafer if no initial defect is induced. All GaAs (100) wafers employed had a miscut of 2º to the [110] direction, as typically used for epitaxial growth. 
Diamond tips
Two types of diamond tips were utilised for scratching the GaAs. They were a Cube Corner (CC) and a Berkovich. The equivalent conical angle of the CC tip is 84.6 degrees and has the same shape as the corner of a cube. The tip radius was measured to be around 0.5 μm. The Berkovich tip, also a three sides, has a total angle of 142.5º and an apex angle of 65.3º. The tip radius was measured to be roughly 2.5 μm by Atomic Force Microscopy (AFM). The surface cracks and particle generation were studied with the CC tip either in-situ or with the Nanoindenter-XP. The scratches were made with the Berkovich tip to observe the subsurface cracks. The reason is that this tip does not guarantee a decent view of the scratching zone in the SEM. Finally, the analyses of crack initiation and propagation were performed only with the Berkovich tip.
Experiments
Two distinct scratching velocities were chosen to investigate its influence and they were taken to be 10 and 100 μm/sec. For the correlation between P S and a, the scratch length, velocity and crystallographic direction were 3 mm, 100 μm/s and [110], respectively. In order to obtain sufficient measurements for a statistical study, five scratches were measured at five different locations and at eight different loads. The loads were 5, 15, 30, 50, 75, 100, 150 and 200 mN. Prior to the cleavage operation, scratches were produced with a length of 400 μm to be closer to the industrial process. Then, the scratched wafers were clamped with vice (a toll having tow parts which can be moved together by tightening a screw so that an object can be held firmly). The distance between the scratch and the vice was more or less 200 μm. The displacement rate for all tests was 187.5 μm/s. Two to three cleavage tests were completed.
Experimental Results of Scratching
Introduction
It has already been observed that, by and large, 5 different phenomena occur when scratching semi-conductors [1] and glasses [4] . Figure 2 , taken from [1] , illustrated these 5 regimes. The first regime is purely elastic. It is followed by the elastoplastic regime. In the third region, subsurface cracking takes place which depends strongly on the tip geometry [1] . This includes the formation of lateral and median cracks. Then, in addition to them, radial cracks (chevrons) are created. Finally, creation of chips is observed.
In this work, it will be shown from inspection of the videos and pictures taken in-situ SEM that all regions exist for the cube corner and Berkovich tips. 
Surface cracks
The elastico-plastic region, the radial cracks and chips in Fig. 3 (a) -(c), respectively, can be related to Fig. 2 . Besides, it is noticed that the radial cracks are created in most cases just behind the tip or sometimes on its side. These chevrons propagates in a straight line at the beginning as in Fig. 3 (b) and then grow in a curved shape ending more or less perpendicular to the scratch direction as illustrated in Fig. 3 (c) . The origin of large particles is the intersection of the lateral and radial cracks and the detachment of chip as shown in Figs 3 (c) and 4 (b).
In this investigation, two scratching speed with the cube corner tip were chosen, which are 10 and 100 μm/s, with respect to the most favourable cleavage planes. Additionally, scratches were performed with the edge of the diamond tip first as well as face first. It is found that the transitions between the regions 1 and 2 occurred at loads less than 50 μN in all cases. In contrast, inspection of Table 2 indicates that the loads at which the radial cracks and chipping out occur are not very sensitive to the direction of the diamond tip and the scribing velocity. It is obvious from this table that, except one test, the first lateral cracks and first chips appear at loads ranging from 0.8 to 2.0 mN and 4.0 to 8.0 mN, respectively. At loads where chipping out occur, it is observed through in-situ experiments that the number and size of chips are larger when scribing face first compared to edge first. Furthermore, it has been seen, when scratching edge first, that the chipping out takes only place in front of the tip whereas when scratching face first, it might take place behind the tip. The scratch does not follow a straight line when it is performed with the face first as shown in Fig. 4 (a). Finally, it was observed in some cases that it is possible to remove GaAs material from the surface wafer using the diamond tip in a similar manner as a cutting tool by generating chip of a length of several millimetres.
Scrutinizing the results acquired while scratching along [110], two major differences are visible. To start with, the directions of the radial cracks are always along [100] and [1,¯00] directions as illustrated in Figs 3 (b), (c) and 4 (a). Secondly, no slip bands are visible on track sides at these magnifications, and this for both tip orientations. In conclusions, for GaAs, the type of diamond tip, the scratching direction and applied load influence slightly the patterns observed at the surface. Finally, although not shown here, depending on the tip geometry, the creation of chips is possible even in very brittle materials such as GaAs. 
Crystallographic direction of the wafer
Correlation between the depth of the median crack and the scratching load
As mentioned earlier, to cleave GaAs wafers containing no defect, large forces are necessary. The median crack is, most of the time, induced by scratching with all the consequences coming with such as surface cracks and chipping out. Recently, Wasmer et al. [1] showed that the scratching operation may, depending on the conditions, create a subsurface crack network. The investigation of this network was performed with a Focus Ion Beam (FIB). Figure 5 shows an example of subsurface lateral (LC) and median cracks (MC). It is found that, as soon as the load reach a critical value, a MC is generated along the preferred {110} cleavage plane for GaAs. In this specific case, the MC has a depth of approximately 4 μm. In contrast, the shape of the LC is not reproducible and so have a more stochastic behaviour. It is interesting to notice from Fig. 5 that the MC does not start from the surface but at ≈ 0.6 μm under the surface. This was explained by the fact that the initiation of the MC is located at the crossing of slip bands [1] . The micro-crack just below the scratch in Fig. 5 may be due to the plastic deformation induced by the shear stress inside the material. Similarly to the LC, these micro-cracks are randomly dispersed.
In indentation, it is well known that there is a correlation between the normal applied force, P, and the depth of the median crack, a. This relation is derived from the relation between the stress intensity factor, K I , and a. Assuming a MC with a semielliptical shape in pure tension, the relation between the residual stress intensity factor, K R , and a is given by Lawn [12] :
where KR = residual stress intensity factor P = the normal applied load χ = dimensionless material constant a = depth of the median crack Under certain condition, it is possible to obtain a stable equilibrium relation and so that Eq. (1) becomes:
This behaviour has already been observed for little number of tests [18] , but no real statistics has been performed. Although scratching is a much more complex phenomenon compared to indentation, the fracture mechanisms principle stands and thus, it is expected that Eq. (2) is still valid. The results of this investigation are shown in Fig. 6 and from this figure, two observations are seen. Firstly, it is observed that the minimum scratching load, P S Min , at which the initial defect is visible, is 15 mN. However it is known from the penetration curve that plastic deformation happens from 4 mN. Then, the model in Eq. (2) describes very well the relation between the scratching load and the size of the median crack. This is supported by the coefficient of determination R 2 = 1 characterising a "perfect" fit from a regression line based on least squares method made in Fig. 6 . While the results presented in Fig. 6 are limited between 15 and 75 mN, tests were carried out at loads ranging from 5 up to 200 mN. An example of cross-section measurement is given in Fig. 7 . It is evident from Fig. 7 (a) that scratch at 30 mN produce a nice smooth median crack with no or little damage on the surface. On the contrary, at 150 mN, the measures of the initial MC were not reliable and the surface was extremely damage by the diamond tip. As a result, they are locations where stress concentrations occur as can be seen in Fig. 7 (b) . This was the case for loads comprised between 100 and 200 mN.
Finally, Figure 7 shows a good example of surface features that are seen depending on the cleavage condition. Since only atomically flat surfaces must be achieved, laser diodes bars and/or the individual lasers containing such features along the cleavage are rejected. 
Experimental Results of Cleavage
After the scratching operation was done to induce this initial defect (or median crack), the cleavage operation is investigated. This operation was carried out by applying a normal load through a stroke of hundred of micrometers as illustrated in Fig. 8 , taken from [1] . The results of cleavage experiments are shown in Fig. 9 . From this figure, it is seen that the load applied by the stroke on the wafer increases quite linearly until a critical load P C is reached. At P C , the cleave initiates and the crack propagates at high speed. This is illustrated in the figure by the abrupt fall in the load-displacement curve. Then, depending on the condition, two cracking behaviours were perceived in Fig. 9 . The first is that the crack does not propagate throughout the length of the wafer and so the additional crack growth occurs by steps as for 200 mN. The second is that the crack propagates throughout the length of the wafer at once as observed for the case of 5 mN. Figure 9 presents the force-displacement curves recorded during cleaving of samples scratched at various loads. As expected from Fig. 6 , the critical load, PC, decreases with an increase of the scratching load. Furthermore, the two cracking behaviour mentioned in the previous paragraph are observed. 
Analysis of the Results
To analyse the results obtain from the in-situ scratching experiment, the tip geometry and radius must be taken into consideration. The cube corner diamond tip having a tip radius of ≈ 0.5 μm, it is clear that the results given in Table 2 and Figs 3 and 4 are due to the faces of the diamond tip since the tip radius in these cases is small compared to the penetration depths. In contrast, the Berkovich tip having a tip radius of ≈ 2.5 μm implies that until a depth of 0.1 μm corresponding to a scratching force of 5 mN, the deformation process can be considered as spherical. At deepest penetration the deformation process changes and the effect of the three sides is predominant. This will also have an influence on the onset of radial and laterals crack as well as the generation of chipping out. The origin of the larges chips is the intersection of the lateral with the radial ones as shown in Figs 3 (b) and 4 (b). Based on the in-situ observations, it was mentioned that when scratching edge first the particles are only generated in front or the side of the tip whereas for face first it may take place also at the behind the tip. This is certainly due to the fact that, for edge first, the material is pushed away more smoothly compared to the others. In contrast, for face first, the material is "stuffed" away by the edges introducing higher stresses and friction. Having not a straight line when scribing with the CC tip face first in Fig. 4 (a) seems to indicate that the Nanoindenter-XP has a low lateral stiffness.
The force-displacement curves presented, in Fig. 9 , show clearly a correlation between the PS and a, and so PC. Actually, the values of P C rise as P S decrease and this is consistent the fracture mechanism principles. In order to determine the relationship between P S and P C , a comparison between the ratios at 15 and 50 mN is made for a in μm, P S and P C in mN which gives the following results: a 50 a 15 = 15.33 4.49 = 3.4 for a and PS 50 P S 15 = 50 15 = 3.33 for P S . In order to be able to compare these results with the ones obtained from the critical load, it is necessary to take into account the inversely proportionality between the crack depth and the critical load. In other words, larger is the defect, lower is the force required for the crack to initiate.
Consequently, the ratio P C 15 P C 50 = 570 265 = 2.1 must be employed. Another comparison possible is to make use of stress intensity factors calculations. Indeed, assuming the flaw having a semi-elliptical shape, it is possible to calculate the stress intensity factor K from national standards or in-houses procedures which allow to predict crack propagation such as the French A16 [13] and British R5 [14] and BS7910 [15] . Hence, knowing the initial dimension of the median cracks and the K IC for GaAs (0.31 [11] ), it is possible to determine the force needed for the crack initiation. Since the loading condition are not exactly similar, a direct comparison is not possible but a good approximation can be obtained by comparing the PC ratio calculated previously with the one obtained between PK IC 50 and PK IC 15 . Taking into account the initial size defect for both scratching conditions, the loads necessary to reach K IC = 0.31 [11] were computed from the French procedure A16 [16] . The result is given by P K IC 50
This number is not in line with the one of 2.1 from the experiment but is consistent with the linearity obtained between a and PS. Two causes may be responsible for these discrepancies. The first is that Eq. (2) [12] and the French procedure [16] do not characterise perfectly the experimental loading case. Eq (2) is only for a semi-elliptical defect in the middle of plate in pure tension. The A16 procedure is derived for a plate containing in its middle a semi-elliptical flaw in superimposed axial and bending loads and thus closer to our test configuration. The second reason is the scatter existing in the depth of the initial median crack due to scratching. In any cases, it can be concluded that these results are in good agreement with the theoretical calculations.
It is interesting to notice that the values of P C for GaAs -5mN in Fig. 9 is only of 940 mN. This is surprising since no initial defect was measured as evident from Fig. 7 . On the other hand, it is known from the penetration curve that between 4 and 15 mN, plastic deformation is already present. Hence, if PC is not higher, it means that although there is no initial crack until 15 mN, the cleavage process and behaviour is influenced by the plastic deformation.
The standard deviation in Fig. 6 increases with the loads. This can be explained by looking at the Fig. 7 (a) where at loads less than 50 mN, the depth of initial defect is well defined and is seen to be approximately constant. On the contrary, at 150mN, for example, the assumption that the MC is constant is not acceptable as illustrated in Fig. 7 (b) . In this figure, it is obvious that there are many points were stress concentrations occur which affect directly PC and so the disparities in the measured values.
Furthermore, three types of behaviour results from the cleavage operation. The first is that the crack does not grow through all the length of the wafer at once and part of the crack growth happens by steps as for 200 mN in Fig. 9 . In the second case, the crack just propagates throughout the length of the wafer at once as observed for the case of 5 mN in Fig. 9 . This can be explained in terms of energy in the system. Having a larger median crack requires less energy to initiate the crack. Hence, the majority of the energy released is employed for the creation of surfaces during crack growth and part of it is dissipated otherwise such as stress waves [9] [10] 12] . On the contrary, for small MC, a large amount of energy is needed to initiate the propagation. The amount of stored energy is thus sufficient to propagate the crack trough the length of the wafer.
Finally, these cracking behaviours influence the feature visible on the cleaved surfaces and so three behaviours can be distinguished. The first is that in some cases, although GaAs is anisotropic with a preferred {110} cleavage plane, the crack deviates from its path and is uncontrollable. Secondly, the crack follow the {110} cleavage plane but the surface contains some features such as river or Wallner lines [19] . Lastly, not only the crack follows its path but an atomically flat cleaved surface is obtained. The first two behaviours may occur on two grounds. (1) There is a strong shear opening stress component at the crack tip during the advance of the crack front due to a loading condition in mode III (out-of-plane -shear). (2) The influence of the crack tip speed. Actually, it was found that there is a sharp transition between a smoothly rising velocity to an oscillating velocity during the fracture process depending on the boundary conditions [9] . This is explained by the fact that a moving crack generates stress waves that spread out from the face of the crack and dissipate energy. This results in a change in the local and global stress field driving the crack growth. Consequently, as the crack front moves through a complex field of reflected waves which may produce significant changes in the fracture path and crack speed and thereby affect the cracking direction and /or the fracture surface topography [9, 12, 19] . The transition speed was found to be approximately 35% of the Rayleigh wave velocity [9] . Consequently, to have a perfect cleavage surface, it is necessary to control the crack initiation and its propagation. To achieve this goal, it is imperative to (a) avoid loading condition in mode III and (b) find the best compromise between the largest median crack possible but without containing stress concentration due to damaged surfaces.
Conclusions
In this paper, the observation of scratching and brittle fracture of semiconductors during in-situ scanning electron microscope experiments has been presented. It has been shown that in order to cleave GaAs, an initial defect must be present. This defect is defined as a median crack and it is always generated along the preferred {110} cleavage plane for GaAs. The scratching tip direction influences only slightly the onset of radial cracks, the subsurface crack network and the chipping out. When scratching along [110], the slip bands are not visible and radial cracks are along [100]. The radial and lateral crack does not seem to be affected by the scribing velocity. It has also been demonstrated that the depth of the MC is correlated with the scratching load according to the power law, PS ∝ χ·a
, often used in indentation, although the principles are much different. By taking specific values, it was established that this relation can even be linear form such as P S ∝ χ·a.
Based on the cleavage tests, three main conclusions can be drawn. First, the relation determined between PC and PS follows the 3/2 power-law whereas the calculations based on the French procedure A16 [13] gives a linear correlation. It must be notice that this difference are based on only one specific case and the disparities may be due to (a) the fact that both approximations does not symbolise exactly the experimental set-up and (b) the scatter in the depth of the median crack was not taken into account. Second, the scatter in the load required to initiate the MC is dependent on its depth. At load up to 75 mN, it was possible to create a crack with a constant depth on a length of several millimetres. At higher load, the MC became rougher and stress concentrations exist which results in large variations in PC. Finally, two types of cracking behaviours were observed depending on the amount of the energy put in the system. For large median crack, the propagation is characterised by a fast initiation over a small distance followed by jumps, whereas for small MC, the crack just growth throughout the length of the wafer at once. Depending on the type of crack propagation, it was observed that cleavage may deviate from its path, or follow the {110} cleavage plane. In this latter case, either visible features or atomically flat cleaved surfaces are obtained. This is due to either a strong shear component at the crack tip as the crack propagates and / or due to a cracking speed ≥ 0.35 Rayleigh wave velocity.
The conclusion of this paper is that to produce laser bar diodes with atomically flat cleaved surface, two major points are required: (1) avoid loading condition in mode III and (2) find the best compromise between the largest median crack possible without damaging the surfaces or generating stress concentrators in the median crack.
